We present sensitive measurements of 12 CO, 13 CO and C 18 O in the J ¼ 1 → 0, 2 → 1 and 3 → 2 lines, and C 17 O in the J ¼ We derive 3.5Ϯ1.5 × 10 18 cm ¹2 as the beam-averaged column density of CO in the central 23 arcsec. The beam filling factor of CO is ϳ 0.1. This indicates that the average C/CO abundance ratio is 1.4Ϯ0.7 in this region. We use measurements of the principal gas-phase sinks of carbon to determine that 2.5×10 7 M ᭪ is the mass of the ISM within this region. This is consistent with the results of Mauersberger et al., implying that the X ¼ N(H 2 )/I(CO) conversion factor in NGC 253 is < 20 per cent of the value determined for the disc of the Milky Way. Our measurements also highlight that there is a radial fall-off in the average molecular gas density in NGC 253, in agreement with that reported by Wall et al. The isophotes of our 12 CO data show a radial change in ellipticity. Such a change is consistent with the existence of barred orbits in NGC 253, recently postulated by Peng et al.
I N T R O D U C T I O N
The rotational lines of carbon monoxide (CO), occurring at millimetre and submillimetre wavelengths, are bright enough that they are readily observed towards many starburst galaxies. The ratios of line intensities emitted from various rotational levels of CO are used to derive the density and the temperature of the gas in which CO resides. Moreover, by observing transitions of 12 CO and its isotopomers, e.g. 13 CO and C 18 O, the CO column density and the isotopic ratios of C ( 12 C/ 13 C) and O ( 16 O/ 18 O, 18 O/ 17 O) can be determined. Information extracted from CO is then compared with star formation diagnostics, such as the infrared luminosity and hydrogen recombination lines, to allow quantitative pictures to be painted of the physics and evolution of molecular gas in starburst nuclei. One of the best-studied starbursts, through the emission of CO, is the nucleus of NGC 253.
by Harrison et al. (1995) . Wall et al. (1991) reported that, towards the central 23 arcsec of NGC 253, the integrated main beam brightness temperature ratio, T MB dV, of J ¼ 3→2/J ¼ 2→1 for 13 CO is 2.0Ϯ0.6. This measurement suggested that the bulk of the 13 CO is hot and thermalized and its emission is optically thin. Harrison et al. (1995) reported that the J ¼ 3 → 2/J ¼ 2 → 1 ratio for C 18 O is ϳ 1.1, clearly different from that of 13 CO. C 18 O is optically thin, given that the more abundant 13 CO is almost certainly optically thin. Furthermore, the critical densities of the energy levels of 13 CO and C 18 O are similar and if 13 CO is thermalized, C 18 O will also be thermalized. This reasoning led Harrison et al. (1995) to suggest that the bulk of the C 18 O emission arises from cold gas and, thus that C 18 O is not co-existent with 13 CO. Harrison et al. (1995) suggested that the separation between 13 CO and C 18 O was due to the nature of the isotope-selective photodissociation of CO (e.g. van Dishoeck & Black 1988; Le Bourlot et al. 1993; Warin, Benayoun & Viala 1996) .
The study of C and O isotope ratios is of general interest for our understanding of nuclear processing in stars. With their large abundances and the presence of stable primary and secondary nuclei, they provide a major input for models of chemical evolution. In heavily obscured regions, which are not accessible at optical and UV wavelengths, such as in the nuclei of starburst galaxies, elemental abundances are difficult to estimate and millimetre data from C-and O-bearing molecules become particularly important. modelled the chemical evolution of the principal isotopes of carbon and oxygen and concluded that a large 18 O/ 17 O ratio, Ն 5, is a common signature of the advanced stages of a nuclear starburst. Towards NGC 253 they derived the 16 O/ 18 O ratio to be ϳ 200, from the ratio of the line strengths of 13 CO and C 18 O, ϳ 5, and assuming that 12 C/ 13 C ϳ 40 . Harrison et al. (1995) argued that, if 13 CO and C 18 O were not co-existent, CO could not be used to derive the 16 O/ 18 O ratio and so another molecule would be needed to test the models of .
We decided to re-observe 12 CO, 13 CO and C 18 O towards NGC 253, in order to confirm, or otherwise, the difference between 13 CO and C 18 O and to see whether CO could or could not be used to derive the 16 O/ 18 O ratio. Our new data provide the most extensive high angular resolution multi-transition CO study of NGC 253, and show that 13 CO and C 18 O are co-existent and that CO can indeed be used to test the models of .
O B S E RVAT I O N S A N D D ATA R E D U C T I O N

IRAM observations
The nuclear region of NGC 253 was observed in 13 CO J ¼ 1 → 0 and 2 → 1, C 18 O J ¼ 1 → 0 and 2 → 1, and C 17 O J ¼ 1 → 0 and 2→1 on 1995 July 31 and August 1, with the Institut de RadioAstronomie Millimétrique (IRAM) 30-m telescope (cf. Baars et al. 1987) on Pico Veleta, Spain. Weather conditions were good. 3-and 1.3-mm SIS receivers were employed simultaneously, with system temperatures of 400-550 and 650-800 K respectively, on a main beam brightness temperature scale; image sideband rejections were of order 30 and 15 dB. The spectra were obtained with a chopping secondary mirror using a switch cycle of 4 s and a beam throw of 240 arcsec in azimuth. As backends, we used two 512 × 1-MHz filter-banks.
JCMT observations
We observed NGC 253 in 12 CO J ¼ 2 → 1, 3 → 2, 13 CO J ¼ 2 → 1 and 3→2, and C 18 O J ¼ 2→1 on 1995 November 11-13 , and in C 18 O J ¼ 3 → 2 on 1996 October 14, with the 15-m James Clerk Maxwell Telescope (JCMT) on Mauna Kea, Hawaii. Weather conditions were average. The observations were made with the facility 1.3-mm (A2) and 0.85-mm (B3i) receivers, with system temperatures of 700-1000 and 3500-5200 K respectively, on a main beam brightness temperature scale; we had no image sideband rejection. The spectra were obtained with a chopping secondary mirror using a switch cycle of 4 s and a beam throw of 150 arcsec in azimuth. As a backend, we used the Dutch Autocorrelation Spectrometer, configured to give a spectral resolution of 0.63 MHz over 760 MHz.
Pointing and calibration
The centre reference of our observations was a(1950)=0 h 45 m 06 s :0, dð1950Þ ¼ ¹25Њ 33 0 36: 00 0. Measurements of planets showed that the two 30-m receivers were aligned to 2-3 arcsec. Any 30-m spectral data with pointing deviations exceeding 3 arcsec immediately after the measurements were instantaneously discarded and repeated. The relative errors in pointing are small, Յ2 arcsec rms for the JCMT and Յ2 arcsec rms for the 30-m, except for a few of the easternmost positions in our 13 CO J ¼ 3 → 2 map made with the JCMT, where the pointing uncertainty is ϳ 4 arcsec. These pointing uncertainties do not affect our main conclusions.
Our data were flux-calibrated through observations of W3(OH) (IRAM) and Saturn (JCMT). We found no unacceptable differences between our derived beam efficiencies and the standard beam efficiences of the two telescopes, and so we used the standard telescope efficiency values (main beam efficiencies, B eff , of 0.68 and 0.41 and forward efficiences, F eff , of 0.92 and 0.86 at 2.6 and 1.3 mm respectively for IRAM; main beam efficiencies, h MB , of 0.69 at 1.3 mm and 0.58 at 0.8 mm for the JCMT) to convert our spectra from a T ¬ A scale to a T MB scale.
1 The absolute calibration of fluxes measured using receivers A (1.3 mm) and B3i (0.8 mm) on the JCMT is secure to ϳ 10 per cent (Dent 1994) . The absolute calibration of fluxes is secure to ϳ 7 per cent at 2.6 mm and ϳ 10 per cent at 1.3-mm using the 30-m (Reuter et al. 1997) .
DATA R E D U C T I O N A N D R E S U LT S
We used the packages SPECX (Padman 1993) and CLASS (Forveille, Guilloteau & Lucas 1989) to reduce all our data. Our spectra are of good quality and first-order subtraction of baselines was sufficient.
Grid-maps of our data, rotated at PA 45Њ (east of north) so that the x-direction is close to the major axis of NGC 253, are presented in Fig. 1 (all on a T MB scale and binned to a resolution of ϳ 10 km s ¹1 ). In Table 1 we present our integrated main beam brightness temperature, peak temperature and uncertainty for each of the lines where we have data covering the central 23 arcsec. Our measurements, with IRAM at 12-arcsec resolution, of 13 CO J ¼ 2 → 1, C 18 O J ¼ 2 → 1 and C 17 O J ¼ 2 → 1 on the nucleus are shown in Table 2 . All our integrated temperatures, and the subsequent line ratios, are derived by integrating from 0 to 500 km s ¹1 . We have not included C 17 O J ¼ 1 → 0 owing to its contamination with 12 CO J ¼ 1 → 0, discussed below. We have also not included the existing observations of 12 CO J ¼ 4 → 3 (Güsten et al. 1993 ) and 12 CO J ¼ 6 → 5 (Harris et al. 1991) , as they are not beam-matched to our own.
The wide frequency coverage of the two sidebands for each of our spectra results in the possibility of contamination from emission of unwanted molecular species. Such contamination is obvious from our observations of C 17 O J ¼ 1 → 0 (Fig. 1k) , as the line is much wider than both 13 CO (Fig. 1c) 
, and a forest of methanol (CH 3 OH) lines overlap 13 CO J ¼ 3 → 2. However, in all these cases the overlaps should be weak and should cause no significant contamination.
162 A. Harrison, C. Henkel and A. Russell 
D I S C U S S I O N
A comparison between our data and previous measurements of CO in NGC 253
For 12 CO J ¼ 2 → 1, we measure with the 23-arcsec JCMT beam an integrated main beam brightness temperature in our nuclear spectrum of 1060 Ϯ 10 per cent K km s ¹1 . This is in good agreement with a previous JCMT measurement by Wall et al. (1991) difference is probably associated with the IRAM error beam at 230 GHz, which is sensitive to large-scale weak emission and therefore dilutes the centrally peaked emission. Using our measure of the 12 CO J ¼ 2 → 1 integrated intensity with the beam-matched 12 CO J ¼ 1 → 0 integrated intensity reported by Mauersberger et al. (1996) of 920 K km s ¹1 , we derive a 12 CO J ¼ 2 → 1/J ¼ 1 → 0 ratio of ϳ 1.15. This is naturally larger than the ratio reported by Mauersberger et al. (1996) .
We have repeated the observations of both Harrison et al. (1995) and Wall et al. (1991) , and here we present our observed J ¼ 3 → 2/ J ¼ 2 → 1 ratios of 13 CO and C 18 O, using data solely from the JCMT. In order to produce a line ratio we convolved our J ¼ 3 → 2 maps, at 15-arcsec resolution, to the same resolution as our J ¼ 2 → 1 map, 23 arcsec. We derived our temperature ratios from a comparison of the central spectrum of the 23-arcsec J ¼ 3 → 2 map with the central spectrum of the J ¼ 2 → 1 map. Fig. 2 shows the C 18 O J ¼ 3 → 2 nuclear spectrum overlaid on the C 18 O J ¼ 2 → 1 nuclear spectrum. The measured integrated main-beam temperature ratio is 1.1 Ϯ 0.2. The two spectra look very similar, indicating that the bulk of the emission in both lines is coming from the same gas. The ratio is consistent with the value of 1.1 reported by Harrison et al. (1995) . Fig. 3 shows the 13 CO J ¼ 3 → 2 nuclear spectrum overlaid on the 13 CO J ¼ 2 → 1 nuclear spectrum. The measured integrated main beam temperature ratio is 1.1 Ϯ 0.2. This ratio is inconsistent with the value of 2.0Ϯ0.6 reported by Wall et al. (1991) . Inspection of the 13 CO J ¼ 3 → 2 data values reported by Wall et al. (1991) indicates that one half-beamwidth away to the north-east [their (9, 7) position], the measured flux is a factor of 10 down on the nuclear flux. As the largest change in flux at one half-beamwidth away is a factor of 2, even for a point source, this suggests that there is a calibration problem with the data of Wall et al. (1991) .
The most likely reason for the calibration error 2 is suggested by figs 1 and 2 of Wall et al. (1991) . The J ¼ 3 → 2 spectral profiles have a bandwidth of ϳ440 km s ¹1 , barely wider than the line itself. Despite the insufficient baseline, the 12 CO J ¼ 3 → 2 intensity reported by Wall et al. (1991) agrees with our own measurements. This baseline problem could explain why the neighbouring positions are weak relative to the central position -baseline problems can lead to random over-or underestimates of line strengths. Another possibility, although less likely, for the miscalibration of the 13 CO J ¼ 3 → 2 line is a misunderstood sideband gain ratio. The measurements of Wall et al. were made with a double-sideband receiver and, if the receiver was not tuned to give the same gain in both sidebands, the sideband ratio could have been different from that used by Wall et al. However, this would not explain the sudden drop from the central position to the neighbouring positions. Yet another possibility, even less likely, is a systematic pointing error. This would not explain why the overall ratio of 2.0Ϯ0.6 is so high, but could explain why the neighbouring points are so weak relative to the central point. This is unlikely because the pointing error would always have to be away from the central position. In the case of the (9, 7) position, it would have to be in error by almost a full beam.
Both of the 13 CO line shapes that we measure are very similar, and they appear to be identical with the C 18 O spectra. These similarities give us confidence that we do not have a significant pointing difference between our 13 CO and C 18 O measurements, or between the J ¼ 3 → 2 and the J ¼ 2 → 1 observations, and that 13 CO is co-existent with C 18 O in the central 23 arcsec of NGC 253.
Gradients in the density and temperature of the molecular gas
A rotational level J of CO is populated only when the gas is dense and warm enough to excite the level collisionally. To populate the J ¼ 2 level of CO in optically thin gas requires gas densities of ϳ 10 4 cm ¹3 with a temperature of 10 K, whereas to excite the J ¼ 6 level in optically thin gas requires gas densities of ϳ 10 6 cm ¹3 with a temperature of 100 K. Fluorescent excitation of the rotational levels via the vibrational levels is unlikely, as radiative excitation of the v ¼ 1 level by 4.7-m photons requires extreme conditions that are rarely fulfilled, even in the brightest Galactic molecular hotspots (for Orion-KL, see Schulz et al. 1995) .
A comparison of observations of several transitions of CO and its isotopomers allows the determination of the column density, number density and temperature of the emitting gas, as well as the optical depths of the transitions. For optically thin line radiation, the C 18 O/C 17 O line intensity ratios directly correspond to C 18 O/C 17 O abundance ratios, assuming similar excitation temperatures. If the more abundant isotopomer is not optically thin, the line intensity ratio is smaller (cf. Henkel, Whiteoak & Mauersberger 1994) .
Radial gradients in density and temperature, with denser and hotter gas towards the centre of NGC 253, were highlighted by Wall et al. (1991) . observed in a 15-arcsec beam. The ratio peaks on the nucleus and then drops radially, along both the major and minor axes. Such a fall-off in the ratio is due to gradients in the density or temperature, or both. As we measure the ratio to be ϳ 0.5 at the edge of the bar, this indicates that the J ¼ 3 level is subthermally populated in this region and must arise from low-density gas (n < 5 × 10 4 cm ¹3 ), since the gas is likely to be warmer than 5 K (the temperature implied by the 12 CO J ¼ 3 → 2=2 → 1 ratio in local thermodynamic equilibrium).
A temperature gradient is expected because the starburst in NGC 253 is centrally concentrated. Wall et al. (1991) postulated a gradient in the temperature because the brightness of 13 CO J ¼ 3 → 2 falls with radius more rapidly than molecules with higher critical densities, such as HCN. Our data show that 13 CO J ¼ 3 → 2 has a FWHM of ϳ20 arcsec, which is larger than postulated by Wall et al. (1991) , <15 arcsec, but is still a factor of 2 less than the FWHMs of ϳ40 arcsec for Rieu, Nakai & Jackson 1989; Mauersberger & Henkel 1989) . Following the reasoning of Wall et al. (1991) , as the intensity of 13 CO J ¼ 3 → 2 is more temperature-sensitive (the J ¼ 3 level of CO is 32 K above ground) than HCN and HCO þ J ¼ 1 → 0 (the J ¼ 1 levels are both 4 K above ground), the smaller FWHM of 13 CO indicates that the kinetic temperatures away from the nucleus are not sufficient to excite the J ¼ 3 level of 13 CO. Towards the nucleus the temperatures are high enough and hence there is a gradient in temperature. We note that the 13 CO J ¼ 3→2 emission appears to be extended in the east-west direction, rather than the expected north-east-south-west (along the major axis). Harrison et al. (1995) argued that if C 18 O and 13 CO are not coexistent then CO could not be used to derive isotopic ratios and so 166 A. Harrison, C. Henkel and A. Russell could not be used to test the models of . As 13 CO and C 18 O are co-existent (Section 4.1), this argument is no longer supported and indeed we find isotopic abundances consistent with the data and models of Sage, Mauersberger & Henkel (1991) and .
The isotopic abundances of oxygen in NGC 253
A comparison of 12 CO with 13 CO suggests that 13 CO is optically thin. Fig. 5 shows both the 12 CO J ¼ 2 → 1 and the 13 CO J ¼ 2 → 1 nuclear spectra. Both spectra were observed with the JCMT. We measure an integrated temperature ratio of 13.3 Ϯ 2.7. As estimated the 12 C/ 13 C ratio to be 40Ϯ10 in the central region of NGC 253, this suggests that the optical depth in the 13 CO J ¼ 2→1 line is ϳ 0.08. This calculation assumes that the gas is close to local thermodynamic equilibrium (LTE O ratio is a factor of 3.5 smaller than the value typically used, 490, in the local solar neighbourhood. Fig. 6 shows a comparison of the C 18 O J ¼ 2 → 1 nuclear spectrum with the C 17 O J ¼ 2 → 1 nuclear spectrum. Both spectra were observed with the IRAM 30-m. We measure an integrated temperature ratio of 6.6Ϯ1.3. At the position (-10, -10) from the nucleus we measure the ratio to be 6.2Ϯ1.2. These measurements indicate that the 18 O/ 17 O ratio in the nucleus of NGC 253 is ϳ 6.5Ϯ1 (our errors are predominantly systematic), which is similar to the Solar system value of 5.5 but considerably above the interstellar value of 3.5. Our measured ratio is also consistent with the previous estimate of 10 Ϯ 3, reported by Sage et al. (1991) . Engelbracht et al. (1998) have recently suggested that the starburst in NGC 253 is in a late phase. . We note that many starburst galaxies, e.g. M82, will have similar isotopic ratios of oxygen to that of NGC 253. It should not be assumed that the local solar neighbourhood values of these isotopic ratios are relevant to galactic nuclei.
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The CO column density, the C/CO abundance ratio and the gas mass
The observations of the CO lines allow limits to be set on the column density of CO in NGC 253. NGC 253 will contain n components of molecular gas, each with their own densities, temperatures and velocity dispersions. Moreover, the existence of multiple components is highlighted by the density gradient that is apparent in NGC 253 (Section 4.2). Harris et al. (1991) and Güsten et al. (1993) argued that NGC 253 has to contain some warm, dense (ϳ 10 4 cm ¹3 ) molecular gas, owing to the observed strength of the 12 CO J ¼ 6 → 5 and 12 CO J ¼ 4 → 3 emission. Mauersberger, Henkel & Sage (1990) suggested that the relative amount of molecular gas that is very dense (Ն 10 5 cm ¹3 ) in NGC 253 is low, and in fact the bulk of the molecular gas is at moderate densities (ϳ 10 4 cm ¹3 ). Our observations of optically thin 13 CO and C 18 O also lead us to conclude that the fraction of warm dense gas in NGC 253 cannot be the dominant fraction because otherwise we would expect to see a J ¼ 3 → 2/J ¼ 2 → 1 ratio far larger than the observed ratio of 1.1. The amount of dense gas that is contributing to the 12 CO J ¼ 6 → 5 and 4→3 is difficult to assess in practice, owing to uncertainties in calibrating the mid-J lines. Moreover, comparing observations of different transitions that are not beam-matched in NGC 253 is particularly hazardous, owing to the density gradient (Section 4.2).
Here we are most interested in the CO column density rather than providing a comprehensive description of the different components. Summarizing, we have estimated the column density in three different ways: (i) assuming that the CO is in LTE; (ii) comparing our observed line ratios with those predicted by a large velocity gradient (LVG) model of the CO radiative transfer; (iii) using the linear scaling between the strength of the optically thin C 18 O J ¼ 2 → 1 and N(CO) advocated by Wild et al. (1992) . We highlight that we have estimated the excitation conditions and N(CO) over the central 23 arcsec (ϳ 300 pc) of NGC 253.
N(CO) derived assuming LTE
LTE analysis using the flux of an optically thin transition should give a reasonable estimate of N(CO) when the bulk of the gas is dense and warm, as is the case for NGC 253. The beam-averaged column density can be estimated from the 13 CO J ¼ 2 → 1 line via the following:
where T k is the kinetic temperature and , and limiting T k to 20-100 K, we derive a range for N(CO) of 3.0 Ϯ1:7 × 10 18 cm ¹2 .
Excitation conditions and N(CO) derived using an LVG analysis
We have used an LVG code 3 to produce estimates of line strengths which we have then compared with our own observations. The absolute observed line strengths are reduced with respect to the model predictions owing to a beam-filling factor. To circumvent this we have compared the predicted and observed line ratios.
As the observed 12 CO to 13 CO ratios are ϳ12 in the 2 → 1 and 1 → 0 lines, and 12 C/ 13 C ¼ 40 , this indicates that the optical depth, t, is ϳ4 for the 12 CO lines. The gas density can also be constrained. At densities significantly below 10 4 cm ¹3 , extremely high temperatures are needed to keep the 13 CO and C 18 O 3 → 2 optically thin lines the strongest. At densities of order 10 5 cm ¹3 , the optically thin 13 CO and C 18 O increase too fast in intensity from 1 → 0 to 3 → 2. Moreover, as we measure 12 CO 3 → 2=2 → 1 ¼ 0:95, this indicates that the CO is slightly subthermal in the J ¼ 3 level. These arguments lead us to the conclusion that the bulk of the CO emission is from gas with a density of the order of 1 × 10 4 cm ¹3 . Assuming n ¼ 10 4 cm ¹3 , the measured line intensity ratios between 3 → 2 and 2 → 1 for the optically thick transitions of 12 CO can then be fitted with T k ¼ 30 -130 K. For the optically thin transitions of C 18 O, the 3 → 2/2 → 1 intensity ratios are best fitted with T k ¼ 80-150 K for the same density.
These kinetic temperatures imply optically thin 3 → 2/2 → 1 ratios near or slightly larger than 1, as observed. These temperatures 168 A. Harrison, C. Henkel and A. Russell ᭧ 1999 RAS, MNRAS 303, 157-172 result, however, in the 2 → 1/1 → 0 ratio being larger than observed. The discrepancy can be removed if we introduce a diffuse low-density gas component, mainly visible in the 1 → 0 line only, i.e. low-density gas that is little excited in the optically thin CO species. With a density of n ¼ 10 4 cm ¹3 and T k ¼ 100 K we find a beamaveraged column density of N(CO) ¼ 3 × 10 18 cm ¹2 (the beamfilling factor is ϳ0.1). Changing the density or temperature within reasonable limits indicates that the uncertainty in the column density is Ϯ50 per cent. The excitation temperature of the diffuse component is difficult to assess, but the discrepancy between the observed and model ratios suggests that the diffuse component has a beam-averaged column density of N(CO)ϳ1 × 10 18 cm ¹2 . Therefore the total column density is N(CO) ¼ 4 × 10 18 cm ¹2 .
N(CO) derived using the scaling advocated by Wild et al.
A simpler alternative to the full n-component model has been advocated by Wild et al. (1992) . It is possible to use the 16 O/ 18 O ratio to determine the CO column density from observations of the optically thin C 18 O J ¼ 2 → 1, if the kinetic temperature is Ն 40 K and the gas density is 10 3 < n < 10 5 cm ¹3 (Wild et al. 1992 ). The nuclear spectrum of C 18 O J ¼ 2 → 1 made with the JCMT (23-arcsec resolution) has an integrated main-beam brightness temperature of 27 K km s ¹1 . Taking the relative scaling from Wild et al. (1992) ,
we derive a CO column density of 1:6 Ϯ 0:8 × 10 18 cm ¹2 . The uncertainty in the scaling is Ϯ0.2 on a logarithmic scale (Wild et al. 1992) . N(CO) derived using the Wild et al. scaling matches well with the LTE analysis and is consistent with the LVG analysis that we used to explain the observed 13 CO and C 18 O 3→2/2 → 1 ratios. As we noted, there is a low-density component that is needed to explain the 2 → 1/1 → 0 ratio. However, this low-density component does not dominate the column density of CO.
The C/CO abundance ratio in NGC 253
One of the species the abundance of which is usually compared with CO is atomic carbon (C). Harrison et al. (1995) reported a C column density of 4:8 × 10 18 cm ¹2 ðϮ30 per centÞ across the central 23 arcsec of NGC 253, similar to the results of Israel, White & Baas (1995) . As the three different ways to derive N(CO) have produced similar results, we are confident that N(CO) ¼ 3:5Ϯ 1:5 × 10 18 cm ¹3 . This indicates that the C/CO ratio is 1.4Ϯ0.7 in the centre of NGC 253. This is an order of magnitude larger than the values of ϳ 0.1 that are typically observed towards Galactic starforming regions (Frerking et al. 1989 Sage et al. (1991) and the models of suggest, then the observations of Wild et al. (1992) , Schilke et al. (1993) , White et al. (1994) and Stutzki et al. (1997) indicate that C/CO Ն 0.5 in M82. There is a significant difference between the emission from star-forming regions in the Galactic disc and that from within the nuclei of starburst galaxies.
The gas mass in the central 23 arcsec
We have measured the CO column density, Harrison et al. (1995) and Israel et al. (1995) have measured the C column density, and it is possible to use the flux measurements of C II (158 m) to determine the column density of C þ . If all the C II 158-m flux measured by Carral et al. (1994) comes from the central 23 arcsec, and the line is generated in photodissociation regions (PDRs) that are dense (n q 4 × 10 3 cm ¹3 ) and hot (Tq91 K), then equation (3), taken from Crawford et al. (1985) ,
where I(C þ ) is the intensity of the line and N C þ [17.5] is the column density of C þ in units of 10 17:5 cm ¹2 , indicates that the beamaveraged column density of C þ ions is NðC þ Þ ¼ 3 × 10 18 cm ¹2 . As CO, C and C þ are the principal gas-phase reservoirs of carbon, we can therefore estimate the total column density of carbon in the gas phase. The sum of beam-averaged column densities of the principal gas-phase sinks of carbon is 1:13 × 10 19 cm ¹2 . By using Galactic measurements of the gas-to-dust ratio of carbon along with an estimate of the carbon abundance in NGC 253, we can determine the column density of gas in the starburst. Galactic observations have resulted in estimates of the gas-to-dust ratio of carbon of 13 per cent for a reflection/emission nebula (Jansen et al. 1996) , ϳ30 per cent for a dense molecular cloud (Lacy et al. 1994 ) and 30-60 per cent for diffuse clouds (Cardelli et al. 1993) . We have therefore taken 30 per cent as the gas-to-dust ratio of carbon in NGC 253. As the solar abundance of carbon is 4 × 10 ¹4 (Grevesse et al. 1991) and the metallicity and carbon abundance are ϳ3 times solar (Mauersberger et al. 1996) in NGC 253, we derive N(H in all forms in the ISM)¼ 3:14 × 10 22 cm ¹2 , averaged over the central 23 arcsec. Assuming that NGC 253 is 2.5 Mpc distant, we derive the gas mass in the central 23 arcsec to be 2:2 × 10 7 M ᭪ . This is close to 3:5 × 10 7 M ᭪ , estimated 4 from the 1.3-mm dust measurements of Krügel et al. (1990) , but is an order of magnitude below the mass determined from CO measurements, assuming X CO2¹1 ¼ 2 × 10 20 / (K km s ¹1 ). We therefore agree with Mauersberger et al. (1996) that the value of X in NGC 253 is <20 per cent of the value derived in the disc of our Galaxy. Fig. 7 shows a map of 12 CO J ¼ 2 → 1 in the core of NGC 253. The map is in broad agreement with the 12 CO J ¼ 2 → 1 map presented by Mauersberger et al. (1996) , although the higher resolution of Mauersberger et al. highlights more small-scale structure. Fig. 7 shows that the ellipticity of the gas changes with radius, apparently consistent with the molecular gas tracing a compact spiral. Such a spiral is unlikely because it would have arms that are leading, rather than trailing, with respect to the rest of the galaxy. The north-west of NGC 253 is on the near side, the north-east of the galaxy is coming towards us and the south-west is receding. The basis for this orientation is that the south-west suffers higher extinction than the north-east . Moreover, the rotation curve to the north-east shows blueshifted emission, with respect to the average recession of NGC 253, and the south-west shows redshifted emission.
Evidence for disturbed kinematics in the core of NGC 253
A similar change in ellipticity with radius was reported by Pompea & Rieke (1990) , but at 2 m which traces the stellar light from giant and supergiant stars. Telesco, Dressel & Wolstencroft (1993) questioned the results of Pompea & Rieke (1990) , on the grounds that the proposed spiral structure is leading rather than trailing, but the fact that a similar structure has now been seen in the molecular gas suggests that the morphology at 2 m is as Pompea & Rieke (1990) claimed. Peng et al. (1996) have suggested that barred orbits can explain the distribution of molecular gas in NGC 253. Binney & Tremaine (1987) discuss orbits in various potentials, and highlight that the families of orbits in a barred potential are split when the long axis of the orbit is along the major axis of the potential and when the long axis of the orbit is along the minor axis of the potential. The family of prograde orbits where the long axis is along the major axis have been termed 'x1', and the family of prograde orbits where the long axis is along the minor axis have been termed 'x2' (Contopoulos & Mertzanides 1977) . The x2 orbits are smaller than and naturally perpendicular to the x1 orbits. Peng et al. (1996) suggest that molecular gas will be moving on x1 and x2 orbits in the inner regions of NGC 253. In Fig. 8 we show single inclined x1 and x2 orbits in the potential suggested by Peng et al. (1996) . The superposition of gas on the two families of such orbits will naturally produce the change in ellipticity seen in Fig. 7 . The exact kinematics depend upon whether the bar is strong or weak (Binney & Tremaine 1987) . Models of strong bars, e.g. Binney et al. (1991) , can naturally explain the near-infrared rotation curve of gas, sampled at 3 arcsec by Harrison et al. (1998) . Furthermore, bar models, in conjunction with the knowledge of the correct potential to describe the core of NGC 253, can be used to determine the location of Lindblad resonances. We highlight that it is probably the build-up of gas at an inner resonance, at a radius of ϳ 5-10 arcsec (Arnaboldi et al. 1995) , that is the torus described by Israel et al. (1995) and is the reason why several low-resolution molecular spectra of NGC 253 show double peaks, e.g. Mauersberger et al. (1990) .
The x1 and x2 orbits of Peng et al. (1996) , although perpendicular to each other, are both in the plane of the bar. They would be expected to produce isovelocity contours that are perpendicular to the major axis of the bar. Indeed, towards the nucleus the CS data of Peng et al. (1996) and CO data of Canzian, Mundy & Scoville (1988) show isovelocity contours consistent with those expected from x1 and x2 orbits. However, about 10-20 arcsec to the northeast of the nucleus, the isovelocity contours of CS and CO are twisted and run along the major axis of the bar in NGC 253. Gas in this region must be moving out of the plane of the bar.
Anantharamaiah & Goss (1996, hereafter AG) argue for a complicated structure in the inner core of NGC 253. AG report isovelocity contours obtained from H92a that are running parallel to the major axis of the bar, suggesting that the inner region is also rotating close to perpendicularly to the bar. Surprisingly, the gradient of the isovelocity contours in the nucleus (AG) is in the opposite direction to the gradient to the north-east of the nucleus (Peng et al. 1996) . The region containing rotation perpendicular to the bar is only obvious at small spatial scales, because on the scale of 18 arcsec our convolved 12 CO J ¼ 3 → 2 data show contours that are perpendicular to those of AG (Fig. 9) .
It is clear that the kinematical structure in the starburst is nontrivial. A warped disc would produce both the twisted isovelocity contours and the observed radial change in ellipticity (Rogstad, Lockhart & Wright 1974) . Beck, Hutschenreiter & Wielebinski (1982) took a deep optical photograph of NGC 253 which shows a disturbed morphology to the south-east. This suggests some form of dynamical interaction between NGC 253 and a relatively small companion. Such a merger could then explain why NGC 253 is undergoing a starburst at present (mergers produce rapid star formation), as well as explaining where the angular momentum perpendicular to the bar in the viscous ISM came from, i.e. the origin of the warp. Prada, Gutiérrez & McKeith (1998) also advocate a minor merger as the cause of the disturbed kinematics in the core of NGC 253.
C O N C L U S I O N S
In this paper we have presented sensitive measurements of CO and its isotopomers towards the nucleus of the starburst galaxy NGC 253. The main results of the observations and conclusions presented in this paper are summarized as follows.
170 A. Harrison, C. Henkel and A. Russell ᭧ 1999 RAS, MNRAS 303, 157-172 A superposition of gas on both these orbit families provides a natural explanation for the radial change in ellipticity seen in Fig. 7 . These orbits are viewed at an orientation of 45Њ along the y-axis.
(1) Our C 18 O measurements are consistent with those reported by Harrison et al. (1995) , but our 13 CO J ¼ 3 → 2 measurements are inconsistent with those reported by Wall et al. (1991) . It is likely that Wall et al. (1991) overestimated the strength of 13 CO J ¼ 3 → 2 towards the nucleus of NGC 253 and, correspondingly, the rate of the radial fall-off in this line.
(2) The similarity between the 13 CO J ¼ 3 → 2/J ¼ 2 → 1 and C 18 O J ¼ 3 → 2/J ¼ 2 → 1 integrated line intensity ratios indicates that there is little or no evidence for the isotope-selective photodissociation of CO in NGC 253.
(3) We find the 16 O/ 18 O ratio to be ϳ 150 and the 18 O/ 17 O ratio to be ϳ 6.5 in the centre of NGC 253. The latter value confirms the results of Sage et al. (1991) and requires that the ISM in the core of NGC 253 has been substantially enriched by the ejecta from massive stars.
(4) The CO column density, averaged over the central 23 arcsec, is 3:5 Ϯ 1:5 × 10 18 cm ¹2 . The C/CO abundance ratio over the same area is 1.4Ϯ0.7, an order of magnitude larger than seen towards star-forming regions within our Galaxy.
(5) The ISM in the central 23 arcsec has a mass of 2:5 × 10 7 M ᭪ . This estimate is consistent with the results of Mauersberger et al. (1996) , and supports their claim that the value of X, the N(H 2 )/I(CO) conversion factor, in the centre of NGC 253 is <20 per cent of the value derived in our Galactic disc.
(6) The isophotes of our 12 CO data show a radial change in ellipticity. Such a change is consistent with the existence of barred orbits in NGC 253, recently postulated by Peng et al. (1996) .
